This paper presents a numerical investigation on the kerosene-air mixture detonation in tubes and the effect of thermal softening on the structural response of the tube of varying thicknesses. The chemical reaction of kerosene-air mixture is modeled by the Arrhenius rate law with an ideal-gas equation of state, and the plastic deformation of the metal tube is described by the Mie-Gruneisen equation of state and Johnson-Cook strength model. To track the multimaterial interface motion and to determine the temperature-varying wall conditions, a hybrid particle-level-set method within the ghost-fluid framework is used. The pulse-detonation loading of metal tube is validated with experimental cell size, and the burst pressure of copper and 304 stainless tubes for varying wall thicknesses and wall temperatures is compared with the theory. The safety aspect of detonation tube is addressed by the observation that the prediction of critical tube thickness with thermal softening included is a better fit to the theoretical value than no thermal softening included. 
A PULSE-DETONATION engine (PDE) uses detonation wave to induce combustion of the fuel and oxidizer. The detonation wave is a shock wave supported by the chemical reaction that results in a higher temperature and pressure than a normal deflagration. Because of its potentially high thermodynamic efficiency attained by the rapid compression of the mixture via the detonation wave at constant volume, there is a considerable volume of literature investigating the performance of such PDE systems [1] . The PDE system has been developed for diverse uses as in ramjet engines and for attitude control in rocket engines. Hydrogen-, methane-, and kerosene-based fuels have been in use for PDE [1] [2] [3] [4] [5] [6] [7] [8] [9] , and the shocktube experiments [5] [6] [7] [8] [9] have been reported for studying reaction properties of these fuels. Kerosene is a compound of many different hydrocarbons, making it extremely challenging to compile a set of realistic chemical kinetics that can precisely describe the reaction response. Instead, a one-step detonation model based on the Arrhenius rate law has been proposed for various fuels [3, 10] , and likewise in our research, a simple step reaction model is adapted in tracking the detonation characteristics.
The operation of PDE follows in sequence the detonation ignition, propagation, and reactant refilling. During the detonation propagation, gas temperature can exceed 3000 K during a few microseconds of instant wave propagation [11] . The wall-temperature rise during this time is insignificant, and heat transfer at the wall cannot cause a wall deformation. However, PDE operation is susceptible to multiple pulses of detonation wave at 10 ∼ 30 Hz frequencies, and the wall is constantly exposed to a harsh thermal condition [8] . Therefore, contrary to a shock-tube experiment, the PDE wall is heated and material properties are changed, and thus, the safety margin based on numerical investigation must be provided with care.
In this paper, the numerical simulation of kerosene-air detonation within a thin tube of varying thickness is conducted. In particular, the wall conditions are 1) plastically deforming and 2) temperature varying, to allow thermal softening that may affect the performance of a detonation process. To confirm the thermal-softening effect at such harsh temperature conditions, the thermoplastic response of wall is simulated using the heated wall temperatures ranging from 400 to 1000 K. The results are compared with the theoretical values from the dynamic amplification factor (DAF) and the burst pressure. The heated wall conditions gave rise to thermal softening of the thinwalled tube and a subsequent decrease of the yield strength that leads to a rapid plastic deformation of the tube [12] .
II. Numerical Formulation
The kerosene-air mixture is assumed to be fully vaporized as such the initial temperature of the mixture is set to 433 K, which is above the boiling temperature of kerosene. For a full dynamic simulation of deforming tube under the gaseous-detonation loading, we adopt a two-dimensional cylindrical coordinate system as follows:
in which the parameters φ 0 (and δ 1) for the kerosene-air mixture, or φ 1 (and δ 0) for the copper (Cu) tube. In the preceding equations, ρ, u r , u z , P, τ ij , e, Q i , _ w, T, k, α, β, D P ij , λ, G, _ ε ij , and Y i are the density, r-axis velocity, z-axis velocity, pressure, deviatoric stress, total energy density, chemical energy released, chemical-reaction rate, temperature, conduction coefficient, thermalexpansion coefficient, Taylor-Quinney parameter, plastic strain-rate tensor, Lame's first parameter, shear modulus, strain rate, and mass fraction of the reactant mixture, respectively. In this model, the chemical-reaction rate of the detonation is calculated by using the Arrhenius rate equation [10] .
Inside the Cu being an elastoplastic medium, the deviatoric stresses are calculated in addition to the evolution equations, whereas the strain rate and Cauchy stress tensor are obtained by solving Eqs. (6) (7) (8) (9) 
In the case of σ > σ Y after the time has evolved, the components of deviatoric stresses are located in an unphysical state. The allowable stresses must be back to the yield surface, which will satisfy the physical constraint using the radial-return algorithm stated in Eq. (10):
, and β are the spin tensor, volume strain rate, plastic strain-rate tensor, positive (consistency) parameter, unit outward normal to the yield surface, return-algorithm variable, effective stress, current yield strength, hardening coefficient, and Kronecker delta, respectively. Also η equals to 0 (or 1) in the elastic (or plastic) state. Similar discussions on the parameters can be found in [13] .
The governing equations are solved by a third-order Runge-Kutta and the essentially nonoscillatory method in temporal and spatial discretizations, respectively. The gas pressure of the reacting mixture is calculated by the ideal equation of state, P ρRT, with R being the universal gas constant. As for the Cu tube, the Mie-Gruneisen equation of state, Eq. (11), and the rate-dependent Johnson-Cook strength model, Eq. (12), are used:
in which Γ 0 , s, c 0 , A, B, n, and m are material constants, and ρ 0 , T m , T 0 , and _ ε P are the initial density, melting temperature, ambient temperature, and effective plastic strain rate, respectively.
To track the interface between the two different materials, namely, the combustible gas and the metal tube, a hybrid particle-level-set method based on a ghost-fluid method is applied [14] .
III. Results
The simulation objective was to investigate the behavior of detonation-loaded Cu tubes of varying wall thicknesses with the heated wall-temperature conditions. Before performing a full calculation of the mentioned problem, quantitative analyses on keroseneair mixture detonation model, elastoplastic Cu model, and heat transfer model are carried out. The initial conditions and material parameters are listed in Table 1 for the kerosene-air mixture and in Table 2 for the metal tubes [13] [14] [15] .
A. Detonation of Kerosene-Air Mixture
To assure numerical accuracy during simulation of the keroseneair detonation, the mesh refinement must be conducted based on the parameters of Table 1 . The one-step Arrhenius kinetics and mixture properties are chosen based on the feasibility of resolving the Chapman-Jouguet (CJ) characteristics of detonation by using a one- J∕kg CJ detonation pressure [5] 18 P 0 CJ detonation velocity [7] 1;780 m∕s dimensional detonation theory [10] . The exothermicity-related parameters, which are heat-capacity ratio γ and chemical energy release Q are decided based on the adiabatic flame temperature and CJ detonation velocity. Lastly, the induction time is controlled via the preexponential factor A and activation energy E a , which are obtained by solving the energy equation for the laminar flame. Figure 1 shows the pressure profiles of three different mesh sizes, 1∕15, 1∕50, and 1∕100 mm, for addressing the reaction-zone refinement requirement. Both von Neumann spike and CJ pressure based on 1∕50 and 1∕100 mm resolutions are similar, and thus, 1∕50 (0.02) mm is chosen for all detonation calculations of this paper. Figure 2 shows the pressure history together with temperature of the propagating detonation wave. The CJ pressure (1.8 MPa) and velocity (1750 m∕s) are in agreement with the reference values [5, 7] . Following the Arrhenius rate law of detonation, a two-dimensional cell structure of the kerosene-air mixture is sought. The domain is a tube of inner radius r i 200 mm, as depicted in Fig. 3 . The boundary conditions on top, bottom, right, and left are symmetric, wall, zero gradient, and extrapolated (X boundary 0.95X 1 0.05X 0 ), respectively. Initially, the CJ values are used to provide the onset of detonation on the left. The numerically attained cell size of the kerosene-air mixture is validated against the experiment data [16] . Three different initial mixture pressures of 1, 1.5, and 2 bars are considered.
The transverse-wave formation gives rise to the unstable Mach stems as triple points appear in the two-dimensional detonation propagation. Shown in Fig. 4 is a Fig. 5 . A higher initial gas pressure influences the CJ pressure, and thus, triple-point formation occurs sooner, in which the stronger incident shock and transverse waves leave the trace of narrower-width cells. The CJ velocity observed in the experiment was about 1770 m∕s, which is in proximity to a calculated velocity of 1750 m∕s.
B. Elastic-Plastic Flow of Metal
The Cu rod impact problem is considered for validation of the elastoplastic response of metal. The problem is a variant of the example considered in [13] , in which a Cu rod of 1 m in length is impacted with 40 m∕s velocity at x 0, and the boundary condition of the Cu rod is zero gradient at both ends. The compression of the Cu rod generates an elastic precursor and a plastic wave. It is required to capture the elastic and plastic waves, waveforms, and the speed of the wave. The material parameters for the Cu rod are listed in Table 2 . The comparison between the model and the exact solution from [13] is provided in Fig. 6 , showing velocity and axial deviatoric stress at 200 μs. The resolution test considers the mesh sizes of 1.25, 0.625, 0.3125, and 0.15625 mm. Evidently, all results are in good agreement. As evident from the figure, the results are all in agreement. Also, Fig. 6 shows the dependency of our numerical solution with grid refinement, which indicates that the wave profiles become sharper with the refinement. Thus, our choice of 0.02 mm from the reaction-zone requirement is sufficient for the purpose of the elastoplastic wave tracking inside the metallic tube of the pulse detonation.
C. Detonation-Loaded Tube
Two-dimensional simulations of plastically deforming Cu and 304 stainless-steel tubes exposed to the heated wall conditions are considered. The wall temperature is heated from the ambient temperature to 1000 K [8] , as such the high-temperature wall above 873 K, for instance, may act as a catalyst during a gaseous reaction. Saiki and Suzuki reported that quartz and platinum surfaces undergo oxidation and radical recombination that suppressed combustion in the microchannel [17] . Because Cu and stainless steel are inert materials, there is no concern of these metallic walls to act as catalyst in the present analysis. However, at such elevated wall-temperature conditions, thermal softening plays a role that gives rise to a change in the metal properties and its thermal stress. The yield strength of tube decreases and the thermal stress rises, all due to thermal softening. Thus, the detonation-loaded tube is susceptible to deformation, and the detonation flow process is notably affected by this change. Four different wall temperatures (T w 433, 573, 773, and 973 K) are considered for investigating the heated wall effect on the resulting full dynamics of the considered tube-loading problem. The considered tube thicknesses for Cu tube are 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, and 0.45 mm. As for 304 stainless-steel tubes, they are 0.05, 0.08, and 0.12 mm. All tubes have the same inner radius r i 2 mm. The twodimensional cylindrical domain is depicted in Fig. 7 with its cross section (4 by 30 mm) shown with a varying tube thickness t. The boundary conditions on the left, right, top, and bottom are symmetric, zero gradient, zero gradient, and extrapolated Y boundary 0.95Y 1 0.05Y 0 , respectively. Where there is contact with a void, the thermoconductive term uses constant ambient temperature at 293 K. For initiating a detonation, the CJ values initialize the bottom condition.
The theory on DAF Φ and critical burst pressure P burst for plastic deformation of a thin tube under detonation loading is considered. DAF is a ratio between the maximum dynamic strain ε dynamic;max and the static strain ε static [18] . The critical burst pressure could provide a theoretical critical thickness of tube under kerosene-mixture detonation loading, and the thickness is compared with the simulation result. Fig. 6 Mesh-resolution test of elastoplastic problem: a) deviatoric stress (unit: MPa) and b) particle velocity (unit: m∕s). In Fig. 8 , the DAF for Cu is 2.03, and it is 2.02 for 304 stainless steel, which are obtained from the kerosene-air mixture detonation velocity of 1750 m∕s. As for the thin tube, the corresponding burst pressure [3] is given by the following expression:
in which T, T m , T 0 , t, r i , and σ y are the wall temperature, melting temperature, reference temperature (293 K), tube thickness, inner radius, and yield strength, respectively. The preceding equation gives the approximated pressure upon the onset of a plastic deformation. The yield strength of the metal tube changes by the thermal-softening effect. From this equation, a critical thickness of the metal tube is determined from a burst pressure or the detonation pressure of the kerosene-air mixture approximately 1.5 MPa. Stainless steel has higher yield strength and melting temperature; thus, 0.12 mm wall thickness is considered rigid even in the hot region. However, the Cu tube can deform easily, and such interesting observations are noted at high-temperature cases. To point out the errors in making predictions on wall expansion when thermal softening is not considered, Fig. 9 is shown with the density for 0.2 and 0.15 mm thickness tubes under 433 and 973 K wall conditions. There is no deformation for the 0.2 mm case. As for the 0.15 mm case for both cold and hot walls, the effective plastic stress exceeds the tube yield strength, and thus, the tube expansion is expected. The unreacted flow ahead of the detonation wave is affected by the tube expansion because the stress-wave propagation within the solid is faster than a gaseous-detonation velocity. The results in Fig. 9 are calculated without thermal softening. This suggests that no thermal stress is considered, and thus, only yield strength is decreased at high temperature. At time 11.5 μs, the tube diameter is expanded 1 mm in the cold case (Fig. 9b ) and 0.6 mm in the hot case (Fig. 9c) . This indicates that the expanding wall speed of the cold case is approximately twice faster than the hot case. Subsequently, during the yield, the r-axis deviatoric stress of the cold case is twice larger than the hot case. By Eq. (13), the initial yield strength of the cold case (433 K) is 78.8 MPa, and the hot case (973 K) is 34.2 MPa, while the initial yield strength determines the deviatoric stress at yielding. This is rather unphysical, suggesting that one must include thermal stress in the analysis. The thermal stress is calculated by the last term of the left-hand side of Eq. (4). Now, with thermal softening included, the thermal stress states change readily, in particular with the rising temperature of the tube, such that more wall expansion is expected for the higher-temperature wall condition (see Fig. 10 ). The effective plastic strain is recorded from a location 2.5 mm from the bottom. The no-thermal-softening case in Fig. 10 shows that both cold-and hot-tube deformations begin at 9 μs, but as shown in Fig. 9 , the rate of deformation in the cold tube is much faster due to higher yield strength. With thermal softening considered, the hot-case initiation of deformation begins ∼1.5 μs earlier than the cold, leading to a larger deformation overall. In Fig. 11 , the comparison of density between (Fig. 11a) without and ( Fig. 11b) with thermal softening under the condition, T w 773 K and t 0.25 mm, is shown. The tube undergoes minute deformation with multiple expansion and compression waves that interfere with the detonation flow structure. Figure 12 shows a safety or failure plot that describes the effect of thermal softening when it comes to providing the prediction of tube responses subjected to a detonation loading. The critical thickness from theory shown as a solid line is obtained from Eq. (13) . Although the hottest-temperature region falls short of the theory prediction near the melting temperature of Cu, the overall critical thickness is in excellent agreement with the theoretical values. Therefore, the inclusion of thermal softening is critical for a reliable numerical simulation of the tube wall expansion subjected to a gaseous-detonation loading.
IV. Conclusions
A numerical evaluation of the metal-tube response to a detonation loading and subsequent interaction between pressurized gas with tubes of varying thicknesses and wall temperatures is performed. The detonation of the kerosene-air mixture in tubes at varying initial pressures is simulated and validated against the experimental data. To evaluate the PDE safety, the heated wall temperature due to multiple impacts by the detonation pulses is considered, and solid models are validated by the theoretical results. Using the theory on DAF and burst pressure, the tube responses of Cu and stainless steel of different wall temperatures are considered. One discovers that the thermal softening of the tube must be considered when simulating the explosively pressurized tube by the kerosene-air detonation. The reported predictions are in agreement with the pipe failure theory, and the results provide insight into understanding the safety design of a small-size PDE system operated at high-temperature conditions.
